optimal surgical technique is still under debate. 10, 14, 23 Techniques such as fragment removal, 1, 2, 35, 48 debridement, 24, 35 drilling, 25 abrasion chondroplasty, 20 and microfracture 43 have been shown to result in the formation of fibrocartilage, 36 a tissue with mechanical properties that are inferior to those of hyaline cartilage. However, these techniques may be acceptable in the short term for small (<1.5 cm 2 ) and shallow lesions (<5-8 mm deep) without sclerotic subchondral bone or subchondral cystic changes.
Research has demonstrated promising midterm results for autologous chondrocyte implantation (ACI) in the treatment of shallow osteochondral lesions. 40 However, once defects become deeper (>8-15 mm), the osteochondral unit needs to be restored as a single functional unit. Moreover, several studies have reported an increased failure rate after ACI for defects that have associated subchondral cystic and sclerotic bone changes, which are often seen after bone marrow stimulation procedures. 33, 39 For the treatment of deep osteochondral defects, several options are available, including osteochondral autograft transplantation (OAT), 18 fresh-matched osteochondral allograft transplantation (OCA), 13, 16, 17 autologous bone grafting (ABG), 21, 46 and the ACI "sandwich" technique. 4, 5, 31, 34, 47 For the ACI sandwich technique, first described by Jones and Peterson, 22 ABG and ACI are performed simultaneously. Cultured chondrocytes are separated from the ABG site and marrow space by "sandwiching" the cells between 2 periosteal or collagen membranes on the surface for single-stage autologous reconstruction of the osteochondral unit. The ACI sandwich technique includes 2 types: the ACI "full-sandwich" technique, 34 in which ACI cartilage repair covers the full area of bone grafted, and the ACI "segmental-sandwich" technique, in which the bone graft covers just a segment of the overall defect area treated by ACI. In short, the ACI "segmentalsandwich" technique consists of ACI with ABG to repair an osseous defect as part of a larger chondral surface repair procedure ( Figure 1) . A 2018 study demonstrated superior results with the ACI full-sandwich technique versus ABG alone. 34 However, the ACI segmentalsandwich technique has not been fully described, and clinical outcomes with this technique are still unclear. Thus, the purpose of this study was to describe the ACI segmental-sandwich technique and to evaluate clinical outcomes in patients treated with this procedure.
METHODS

Patient Selection
This study was approved by an institutional review board, and informed consent was obtained from all patients. Data were prospectively collected. Between July 2003 and June 2011, a total of 15 consecutive patients were treated with the ACI segmental-sandwich technique; of these patients, those who had at least 2 years of follow-up were included in the study. Before surgery, patients underwent a physical examination, radiography, computed tomography, magnetic resonance imaging (MRI), and arthroscopic surgery. Indications for surgery included osteochondral defects larger than 1.5 cm 2 in size and deeper than approximately 8 to 10 mm, with symptoms matching the defect location. Surgery was indicated only in patients whose lesions were resistant to nonoperative therapies, including physical therapy and injections. Contraindications to surgery included the presence of inflammatory joint disease, unresolved or recent septic arthritis, and metabolic or crystal disorders.
Articular comorbidities such as malalignment and patellar maltracking were corrected at the time of surgery. Tibiofemoral malalignment >2 to 3 was corrected via opening wedge high tibial osteotomy, with correction of the mechanical axis to neutral. Patellofemoral maltracking was addressed with anteromedialization tibial tubercle osteotomy to centralize patellar tracking 12, 32 ; proximal soft tissue balancing (lateral release, vastus medialis obliquus advancement) was performed as necessary to centralize the extensor mechanism.
Surgical Technique
A single surgeon (T.M.) performed all of the procedures. A periosteal patch was used in patients who underwent the procedure before May 2007 (n ¼ 5), whereas a type I/III bilayer collagen membrane derived from porcine peritoneum and skin (Bio-Gide; Geistlich Pharma) was used in patients who underwent the procedure after May 2007 (n ¼ 10). When a periosteal patch was used in conjunction with ABG, the first periosteal patch was glued with Tisseel fibrin glue (Baxter BioSurgery), and a few tacking sutures (No. 6-0 resorbable sutures) were used circumferentially over the bone graft with the cambium layer facing out. The periosteum was then covered with a neural patty, the leg was brought into full extension, and the tourniquet was let down. The knee was then gently flexed up, the neural patty was gently removed, and visual inspection was performed to ensure that the base of the defect was dry with no marrow-derived blood present. A second periosteal patch was then microsutured on the articular surface at intervals of 3 to 5 mm circumferentially, with the cambium layer facing the defect. The margins were then sealed watertight with Tisseel fibrin glue, and autologous cultured chondrocytes were injected between the 2 membranes, where they were sandwiched between the cambium layers of the periosteum or collagen membranes (Figures 1 and 2 ).
Postoperative Course
Postoperatively, patients were instructed to use a continuous passive motion machine for 6 to 8 hours daily for 6 weeks. Patients were encouraged to start riding a stationary bicycle with no resistance as early as 3 weeks after surgery and to begin to increase resistance 6 weeks after surgery if there was no joint crepitus or pain. Patients were flat-foot touchdown weightbearing for 6 weeks, with a gradual progression to full weightbearing at 7 to 12 weeks. Patients were permitted to return to most activities of daily living after 3 months and to noncontact inline sporting activities without cutting movements (eg, outdoor biking, treadmill walking, elliptical training, swimming, rollerblading, and hiking) after 4 to 6 months. After 12 to 14 months, inline jogging was permitted if there was no swelling or pain. Pivoting activities were permitted at 14 to 18 months after surgery. The postoperative recovery protocol was individually adjusted based on the defect location, use of concurrent procedures, degree of graft maturation, and patient's previous activity level.
Failure Definition
Treatment failure was defined as recurrent symptoms of pain and catching, with MRI or arthroscopic surgery demonstrating partial or complete displaced delamination with a full-thickness defect necessitating repeat biological osteochondral debridement or repair or conversion to prosthetic arthroplasty.
Clinical Outcome Evaluation
Outcome measures included the modified Cincinnati Knee Rating System (Figure 3) , 9, 30 the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), 6 a visual analog scale (VAS) for pain, and the 36-Item Short Form Health Survey (SF-36). 8 Patients also self-reported knee function and satisfaction with their condition. Scores were collected preoperatively and at the latest follow-up during consultations or via a mailed questionnaire.
Radiographic Evaluation
Anteroposterior and lateral standing radiographs of the knee were assessed at baseline and at the latest radiographic follow-up in accordance with the KellgrenLawrence (K-L) grade 26 to determine whether there was any OA progression from baseline.
MRI Evaluation
All MRI was performed on a 1.5-or 3-T system (GE Healthcare or Siemens Medical Solutions) with an extremity coil and using a 14-to 16-cm field of view. The repair sites were evaluated using the MOCART (magnetic resonance observation of cartilage repair tissue) score 29, 30 for cartilage restoration; separate grading was used to determine the success of bone defect repair. Cartilage defect filling was defined as the overall volume of repair tissue, in quartiles, Figure 1 . Autologous chondrocyte implantation segmentalsandwich technique. (A) Osteochondral defect: the bone defect is smaller than the overlying chondral defect. (B) Preparation of the bone defect: a high-speed bur, usually 8 mm in diameter, removed all subchondral sclerotic bone back to healthy-appearing spongy bone. Then, a 3 mm-diameter bur undermined the subchondral bone to secure the membrane when it was glued to the graft with overlying gentle pressure. (C) Fibrin glue was applied over the bone graft, and the membrane was secured. The second membrane was then sutured to the surface with the tourniquet down and with a dry defect bed. The cultured chondrocytes were then injected into the sealed cavity. The bone grafted area was smaller than the overlying chondral defect.
relative to the volume of the original cartilage defect (ie, new tissue above the expected level of the subchondral bone plate and below the expected articular surface [not including any hypertrophic tissue]). Bone defect filling was defined as the overall volume of repair tissue, in quartiles, relative to the volume of the original bone defect filled by the segmental-sandwich bone graft (ie, new tissue below the expected level of the subchondral bone plate [not including any intralesional osteophytes]). Bone and cartilage defect filling 75% to 100% were considered near-complete and non-bone grafted [white arrows] areas). This case was included in the present study; however, the MRI results were excluded, as postoperative MRI was performed at 6 months postoperatively and did not meet the inclusion criteria of MRI evaluations (>1 year after index surgery). (7) (8) I have only a few limitations with sports. Excellent (9) (10) I am able to do whatever I wish (any sport) with no problem. filling, whereas complete filling was defined as defects that were entirely filled with repair tissue. Hypertrophy and intralesional osteophytes were graded separately. Bone defect repair tissue was characterized by the percentage of filling, in quartiles, that had MRI characteristics of bone rather than soft tissue, with a score of 100% indicating that new bone completely filled the bony defect to the expected level of the subchondral plate. The presence and signal intensity (SI) of any edema-like marrow signal within the bone repair site were scored as follows: no edema, mild edema (SI red marrow), moderate edema (SI ¼ muscle), or severe edema (SI > muscle and/or dark on T1-weighted imaging). A musculoskeletal radiologist (C.S.W.) with 22 years of experience in assessing images of cartilage repair evaluated all MRI scans; the radiologist was blinded to patient demographics and clinical outcomes.
Statistical Analysis
The Wilcoxon signed-rank test was used to compare differences in functional scores (obtained from the modified Cincinnati Knee Rating System, VAS for pain, WOMAC, and SF-36) between the 2 time points (preoperatively and at last follow-up). The Spearman rank-order correlation test was used to analyze correlations between MRI findings and clinical outcomes at final follow-up. The level of significance was set a priori at P < .05. All statistical analyses were performed with Stata (v 13; StataCorp).
RESULTS
Patient Demographics and Lesion Characteristics
All 15 patients had at least 2 years of follow-up after surgery (mean, 7.8 ± 3.0 years; range, 2-15 years). The mean age at the time of surgery was 31.0 ± 9.1 years (range, 16-43 years), and the mean body mass index (BMI) was 26.2 ± 4.8 kg/m 2 (range, 18.6-36.9 kg/m 2 ). The mean chondral lesion size was 6.0 ± 3.5 cm 2 (range, 1.5-13.5 cm 2 ), with a mean bone defect area of 1.7 cm 2 (27%-40% of overall surface area treated by ACI) and depth of 1.0 cm. In addition to the osteochondral lesions, 8 patients had a total of 10 chondral defects, with a mean defect size of 4.5 ± 2.2 cm 2 (range, 1.5-7.5 cm 2 ); these secondary defects were treated with ACI during the index surgery. Twelve patients underwent concomitant osteotomy during the index surgery (Table 1) . Before the index surgery, 12 of the 15 patients had undergone a mean of 2.7 surgical procedures (range, 1-5). The bone graft was harvested from the proximal tibia in 8 patients, from the tibial wedge for high tibial osteotomy in 4 patients, from the distal femur in 2 patients, and from the iliac crest in 1 patient. Data on the previous duration of symptoms were available from 12 of the 15 patients, and the mean duration was 5.2 ± 2.4 years (range, 1.5-9.4 years).
Survival Analysis, Clinical Outcomes, and Satisfaction Survey
There were no cases of treatment failure, and the survival rate over the study period was 100%. All functional scores significantly and clinically meaningfully improved after surgery ( Table 2 ). All patients were satisfied with the procedure, and all indicated that they would undergo the same surgery again. Thirteen patients (87%) rated the outcomes for their knees as good or excellent (Table 3 ).
Subsequent Surgical Procedures
Eight patients (53%) required a mean of 1.4 subsequent surgical procedures (range, 1-2) at a mean of 1.4 years (range, 1 month to 4.8 years) after surgery. Most of these procedures (92%) were performed arthroscopically and were successfully managed. Subsequent surgical procedures were for adhesions in 7 cases, graft hypertrophy in 2 cases, debridement of a membrane flap in 1 case, and hemarthrosis in 1 case (Table 4 ). There was no statistical difference in the rate of subsequent surgical procedures required between patients with periosteal versus collagen membranes (P ¼ .608).
Radiographic Outcomes
Ten patients (67%) were available for a radiographic evaluation at a mean of 4.7 years after surgery (with a minimum of 2 years after surgery; range, 2.0-7.6 years). OA based on the K-L grade did not increase except in 1 knee; in this case, the K-L grade increased from 1 to 2 at 7.6 years after surgery.
MRI Outcomes
Twelve patients (80%) were available for an MRI evaluation at a mean of 3.3 years after surgery (with a minimum of 1 year after surgery; range, 1.1-7.8 years) ( Table 5 ). The mean MOCART score was 64.2 ± 19.9; seven patients (58%) had a score higher than 64 points. Ten sites (83%) showed complete or near-complete filling of the cartilage defect, with complete defect filling for 8 repair sites (67%); none of the repair sites exhibited subchondral exposure, and none of the sites demonstrated repair tissue hypertrophy. Two of the 15 patients in this study had graft hypertrophy postoperatively. However, MRI findings from 1 of these 2 patients were available. It should be noted that MRI of this patient was performed after debridement of hypertrophy, which resulted in no hypertrophy in the MRI evaluation. Within the limits of the MRI technique, we could not identify a gap or fissure between the repair tissue and surrounding intact cartilage in most of the patients (n ¼ 10; 83%) ( Table 6 ). Irregular constitution of the surface on MRI was significantly correlated with a poor WOMAC function score (rho ¼ -0.599; P ¼ .040), whereas better structure of the repair tissue was significantly correlated with a better SF-36 mental component summary score (rho ¼ -0.579; P ¼ .048). An edge cartilage flap was observed in 1 patient, but the remaining tissue was in situ. In the MRI evaluation of bone defects, all of the repair sites exhibited complete or near-complete filling, with complete bone filling for 10 repair sites (83%). The composition of the filled bone defect was inhomogeneous, with varying degrees of marrow edema. There was no significant correlation between each bone defect variable on MRI and functional outcomes at final follow-up. However, there was a significant correlation between SI of the edema-like marrow signal within the bone repair site and the total MOCART score (rho ¼ 0.7143; P ¼ .0091).
DISCUSSION
In this retrospective analysis of prospectively collected data, we evaluated outcomes for patients who underwent the ACI segmental-sandwich technique. Our study showed that this technique provides excellent survival rates, with significant and clinically meaningful improvements in pain and function as well as very high patient satisfaction rates at midterm follow-up. Within the limits of the MRI technique, MRI showed that the majority of repair tissues were completely filled and integrated to adjacent cartilage with a smooth surface. Moreover, most repair sites displayed complete filling of the bone defect. Several previous studies have reported good outcomes when ACI was combined with bone grafting to restore the osteochondral unit in patients with an osteochondral defect or OCD. 5, 7, 34 All of these procedures addressed chondral lesions, with ACI cartilage repair covering the full area of bone grafted. However, the ACI segmental-sandwich technique can address bone lesions treated with ABG for only part of the chondral lesion. Other options for treating osseous defects as a part of chondral lesions do exist, but data regarding outcomes with these procedures are scarce. In one study, Sharpe et al 42 reported good clinical outcomes over a mean follow-up period of 3 years in 13 patients who Total score  60  95  70  65  25  75  90  60  70  55  70  35  Degree of The Orthopaedic Journal of Sports Medicine ACI "Segmental-Sandwich" Technique 7 underwent a combination of ACI and OAT for the treatment of degenerative large cartilage lesions. Fibrillation of new cartilage between the cores was observed arthroscopically after 1 year, perhaps produced by mesenchymal stem cells derived from bone marrow during the OAT procedure. The ACI segmental-sandwich technique is unique in that it aims to separate autologous cultured chondrocytes from the bone graft and mesenchymal stem cells by covering the bone area with a membrane; however, histological studies are needed to confirm that the covering membrane is truly able to separate the bone marrowderived stem cells. Recently, OCA has been gaining in popularity for the reconstruction of both chondral and bone lesions. However, when bone lesions are limited under larger chondral lesions, unnecessarily sacrificing the intact portion of the subchondral bone is concerning. In such cases, the ACI segmental-sandwich technique might allow clinicians to decrease the amount of subchondral bone volume affected by the surgical procedure. Moreover, while OCA has demonstrated unfavorable outcomes for lesions in the patellofemoral joints, 3, 19 the ACI segmental-sandwich technique provided good clinical outcomes in 7 patients (47%) in our study who had patellofemoral defects.
According to previous studies, empty OCD lesions lead to degenerative changes in the joint at long-term followup. 27, 41, 45 Sanders et al 41 showed that the cumulative incidence of OA was 12.0% at 5 years after the removal of fragments, and risk factors for the progression of OA included a BMI greater than 25 kg/m 2 and adult patients. In our cohort with a mean BMI of 26.2 kg/m 2 , most of the patients were adults, and our results showed that only 1 of 10 patients exhibited a progression of OA based on the K-L grade; we believe that using the ACI segmental-sandwich technique for these osteochondral lesions may have delayed or prevented the development of OA over a mean of 4.7 years by restoring congruence of the osteochondral unit. Because of the very small sample size and short follow-up of our study however, further evaluations with a larger sample size and a longer follow-up will be needed to confirm this observation.
For the assessment of cartilage repair tissue, the MOCART score was used, as this system is a reliable evaluation method that has demonstrated excellent intraobserver reproducibility. 29 Although several studies have reported significant correlations between the same parameters of the MOCART score and functional outcomes, 28, 44 reported correlations between the MOCART score and clinical outcomes have been variable and remain controversial. 11 For our ACI segmental-sandwich repair procedures, the surface and structure of repair tissue were significantly correlated with the WOMAC function score and SF-36 mental component summary score, respectively. We also evaluated filling of the bone defect and marrow edema intensity in bone filling with a novel evaluation system. Notably, the marrow edema intensity in bone filling was significantly correlated with the total MOCART score. Although this correlation did not allow us to establish causality between the severity of bone marrow edema and the quality of repair cartilage tissue assessed by the total MOCART score, this finding does suggest that the severity of bone marrow edema has an important association with the outcomes of cartilage repair. Indeed, several previous studies have demonstrated the negative association of bone marrow edema on cartilage repair. 37, 38 A prospective longitudinal study is needed to determine whether there is any bidirectional association between these parameters. Additionally, the clinical significance of bone marrow edema is still unclear. In our study, analysis of all bone defect variables on MRI examinations did not demonstrate any significant correlation with clinical outcomes. A larger sample size and more sophisticated imaging evaluations, particularly focusing on subchondral bone, are warranted. Although 53% of the patients in this study required a mean of 1.4 subsequent surgical procedures, the very high patient satisfaction rate reported is encouraging. This high satisfaction rate may be related to the fact that most of the subsequent procedures were performed arthroscopically, which allowed for quick recovery after the procedures. The most common subsequent surgical procedures performed in this study were for adhesions and graft hypertrophy. The rate of graft hypertrophy from the membrane decreased after we began using a collagen membrane instead of a periosteum. 15 Most of the study patients (12/15; 80%) had undergone multiple surgical procedures before the index surgery; of these patients, 7 required subsequent surgical procedures. Among the 3 patients who had not undergone previous surgical procedures, 1 patient required a subsequent surgical procedure. A previous study also showed a relatively high rate of subsequent surgical procedures (49%) in patients who had complex knee problems and had undergone previous failed surgical procedures. 49 Nevertheless, the requirement for subsequent surgical procedures did not lead to treatment failure in that study 49 or in our study.
All of the procedures in our study were performed by a single surgeon, and all of the study patients had the same indication for surgery and were instructed to follow the same rehabilitation schedule. Nevertheless, this study did have several limitations. First, there was no empty defect group to use as a control; however, because the lesions in the study patients were resistant to nonoperative treatment and were leading to disabling symptoms, it would have been difficult and unethical to create a control group. Second, the small sample size of the study made subanalyses of clinical outcomes per baseline demographics difficult. Further studies with larger sample sizes might be able to identify factors predictive of better clinical outcomes.
CONCLUSION
This study showed that the ACI segmental-sandwich technique provides excellent survival rates with good functional and radiological results at midterm follow-up. This unique treatment may be an option that provides native joint preservation by restoring congruence and the osteochondral unit for a condition that naturally will progress to OA.
